Abstract-This paper presents an assessment of the kinetic energy reserve that could be made available by aggregating a distributed group of wind farms. The size of reserve available for a single turbine and the range of wind speeds where it can be assumed available is computed and compared with the kinetic energy delivered by synchronous generators during typical transients. The size and availability of an aggregated reserve is then computed using wind speed data from 39 locations on and off the shores of the Netherlands. The dependence of this reserve on the area and density of sites being aggregated is presented. Finally, the aggregated reserve is compared on a statistical basis with the energy required for 87 frequency dip incidents in the European continental grid. It is concluded that although improved communications and control would be necessary, the technical potential could meet or exceed the need for inertial response forty percent of the time.
I. INTRODUCTION

A. Background
Reliable power systems require a sufficient amount of reserve energy to rectify imbalances between supply and demand. A diversity of information about load characteristics and generator scheduling is employed for assessing this need, and communication networks are employed to procure and monitor the deployment of this energy when it is needed. The evolution of a smart grid will entail expansion of the extent and rate of comunications. Many of the new devices being interconnected with the grid offer increased rate of response and fineness of control due to power electronic interfaces. This can lead to greater flexibility in both supply and demand.
With a shift to a larger number of electricity generating sources in new locations that tap variable sources of energy such as wind and solar, future power systems will involve more uncertainty and complexity. The new mixture of sources will also change how devices contribute to regulating the frequency of the power system. A crucial aspect of system stability is the amount of kinetic energy present in the rotating machines connected to the grid. Whenever a sudden increase in load or decrease in generation occurs, the imbalance is drawn from This research is part of the project RegelDuurzaam, which is funded under the SenterNovem program EOS-LT. SenterNovem is an agency of the Dutch Ministry of Economic Affairs.
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Wil Kling is also with the Electrical Power Systems Group, Eindhoven University of Technology, 5612 AZ Eindhoven, The Netherlands (e-mail: w.l.kling@tue.nl) this kinetic energy for the duration of the delay required for other sources of generation to ramp up their production. This effect is referred to as primary or inertial response. It is provided by default by synchronous machines, but it has been observed that in island power systems specific assessment and procurement of this type of reserve may be necessary [6] .
Distributed wind farms are expected to serve a significant fraction of demand in power systems around the world. During periods when a large part of the online power capacity of grid is made up of wind farms, the availability of kinetic energy in the case of a contingency becomes a concern. This is because wind turbines do not normally provide an inertial response. They can be controlled to do so, but the size and availability of the response varies with wind speed. The amount of wind power available from a farm is monitored and to some extent forecast. However, the kinetic energy available from a distributed fleet of wind farms facing different operating wind conditions has not been measured or subjected to analysis. In power systems equipped with the advanced information gathering and actuation capabilities of a smart grid, it will likely become possible to monitor and exploit this resource.
B. Contribution of the paper
In this paper, wind speed time series from 39 onshore and offshore locations have been analyzed to assess the availability of kinetic energy reserve from an aggregation of wind farms. The dependence of the availability and quantity of the energy on area, distance, and density of sites is examined. Time variations and general statistics are presented and compared to the kinetic energy involved in 87 frequency transients in the European continental grid. A future scenario for wind power in the Netherlands is used to assess technical potential for a realistic case. Finally, the applications for a smart grid are discussed.
II. KINETIC ENERGY DELIVERABLE BY WIND TURBINES
A. Control Scheme
Several methods have been proposed for wind turbines to contribute to support frequency during a contingency. Some approaches apply a frequency feedback loop that causes the wind turbine to deliver a power pulse or other waveform, by controling generator torque. In these approaches, the turbine still operates with maximum power tracking, so that energy is only temporarily injected and then reabsorbed, with no net change to the operating speed of the turbine [10] . This has the effect of reducing the rate of change of frequency at the onset of the event, possibly at the expense of a deeper frequency dip. It has also been proposed to reverse this tradeoff [8] . In that case, turbines exacerbate the rate of change of frequency by first absorbing energy, but then return it to result in a lower overall dip. The turbine can instead be controlled via generator torque to drop its speed from an operating point ω H to a new operating point ω L , in response to a frequency drop, injecting the energy associated with the speed difference without re-absorption [2] . This is depicted in Fig. 1(a) . If the turbine is controlled appropriately, then it can inject this energy and still deliver the same power level P before and after the event ( Fig.  1(b) ). However, the power level P is necessarily less than the optimal power P opt available from the wind, as will be explained in the next section. This technique therefore has the drawback of wasting some available wind energy, but has the benefit of supporting frequency in a manner similar to a synchronous machine.
It has also been proposed to apply both generator torque and pitch control to regulate the operating speed of the turbine at a value close to rated speed [4] . The power output and operating range would likely be strongly altered. Such a technique makes the maximum amount of kinetic energy available, but wastes significant amounts of wind energy. Therefore this paper applies the approach of contributing a fixed amount of energy as depicted in Fig. 1 .
B. Upper Bound: Kinetic Energy
De-rated operation exploits the variable conversion efficiency of the wind turbine blades. This efficiency is characterized by the curve C p (λ), where λ is the ratio of blade tip-speed to wind speed:
where R is the blade radius, ω is the turbine rotor rotational speed and v w is the wind speed. For a given wind speed, the turbine extracts maximum power when λ = λ opt , as depicted in Fig. 2 . For the same wind speed, if the rotor speed ω is maintained such that λ = λ H , then the turbine operates at a Fig. 2 . De-rated operating philosophy, shown on power conversion efficiency curve Cp(λ). Operation occurs not around optimal tip-speed ratio λopt, but around λ H at a de-rated efficiency C p . A reserve of kinetic energy is made availble between λ H and λ L .
de-rated efficiency C p , associated with a de-rated power P . A power greater than or equal to this level can be provided not just at one unique speed, but over a whole rotor speed range:
Consider operation at a wind sped v w . A change in rotational energy up to the quantity
where J is the inertia of the turbine rotor, can be extracted and delivered into the grid, while returning to a level of power equal or greater P . The relation 3 only applies in a certain range of wind speeds. Above rated wind speed, turbines are usually controlled to have constant rotor speed and deliver rated power. More restrictively, the minimum and maximum speed limits and torque limit of the wind turbine dictate a narrower range of wind speeds within which the rotor can operate continuously at ω H , yet also drain to ω L whenever necessary [7] . One can select the pulse time τ sufficiently long to avoid the torque limit [7] so that the possible range [v min , v max ] of wind speeds depend only on the machine speed limits:
where ω min and ω rated are the minimum and rated rotor speeds, and the factors 1.1 and 0.9 reflect a margin away from these speeds. In Fig. 3 , the kinetic energy 
Quantity of kinetic energy available as function of operating wind speed. Upper bound (dashed) is determined by machine speed and torque limits, while practical estimate (solid) is derived based on conservative assumptions.
tions. For wind speeds measured at a point, it is known that the distribution about a 10 minute mean speed is Gaussian [11] , [1] .
The equivalent wind speed that must be used to model the action of the wind input on the shaft torque of a wind turbine will have a different distribution. Due to the spatial averaging of the rotor disc, the distribution will certainly have a smaller standard deviation. However, properly accounting for this effect requires a good model of the rotor disc effect, which was unavailable at the time of the study. The approach presented in this paper therefore uses only the intersections of torquespeed curves, and does not employ differential equations. The approach makes several assumptions to derive a conservative estimate of the minimum reserve energy available.
A band of wind speed values about a mean value v w within a ten-minute period is defined by:
where n σ is the number of standard deviations accounted for, I 15 has high and low values of 0.12 and 0.16, and a has values between 2 and 3 [1], corresponding to the IEC turbulence classes C-A respectively.
The most extreme values of the wind speed distribution do not translate into rotor speed variations, so in this paper it is assumed that the most extreme 10% of wind speed values can be discarded. A conservative value of n σ = 1.65 was thus chosen to define the band of likely wind speed variations.
The ability to deliver kinetic energy could be required at any instant during a ten minute interval. The range of expected availability must be narrowed to ensure that a known quantity of energy will always be deliverable regardless of the possible range of wind variations. The minimum possible wind speed determines the minimum available kinetic energy reserve.
In this paper, the practical range [v L , v H ] is computed as follows
and the minimum possible reserve for wind speeds in
where v is ten-minute mean, σ(v) is the standard deviation for that mean value, n σ is the number of standard deviations included, J is the turbine inertia, and λ L is such that
D. Selection of λ H for Maximum Kinetic Reserve
The quantity of de-rating is determined by how far λ H is from λ opt . De-rating decreases the available range [v L , v H ], but increases the minimum kinetic reserve E KR (v w , λ H ). For a given turbine and wind resource as characterized by Weibull parameters, λ H can be selected to maximize the total kinetic reserve offered over a year [7] .
E. Comparison with Required Energy
The kinetic energy present in a generator rotating at rated speed is
and it is often reported as the scaled value H [5] :
which conveniently has units of seconds. The H value of a wind turbine, ranging from 3-4s [9] , is similar to that of large synchronous machines, which changes depending on the units in operation and can range from 2-7s [5] . Suppose a synchronous machine is replaced by a wind farm of equal name-plate capacity. Because they have similar H values, it follows through (11) that these two generators also have similar E p.u. bases. This paper expresses changes in kinetic energy of both synchronous machines and wind turbines as a percentage of E rated :
If a wind farm or an aggregate of wind farms can deliver a percentage of its E p.u equal to that of a synchronous machine, then it has delivered the same amount of actual energy.
Consider a typical contingency in the European continental grid is shown in Fig. 4(a) . All such recorded transients from the period 2004-2006, comprising 87 incidents, were obtained from the Dutch TSO TenneT. At time t = 0, the frequency drops almost 50 mHz within 8 seconds. The quantity of energy involved in this initial transient is the one being investigated, and can simply be computed from the speed change associated with the difference 50Hz-49.95Hz. This 0.1% speed change is only 0.2% on the E p.u basis. In Fig. 4(b) , a histogram shows the distribution of minimum frequency during frequency incidents. Vertical dashed lines indicate how much kinetic energy in the per-unit basis %E p.u. is associated with such a change in speed. These levels of energy are noted in subsequent figures of this paper to provide a comparison.
Unlike a synchronous generator, the speed of turbines in a wind farm vary considerably. While a wind turbine often operates below rated speed, it is also free to change its speed asynchronously over a wide range. Fig. 3 shows that a wind turbine has the potential to deliver significantly more energy than a synchronous machine during a contingency (e.g. at least 1-2% v.s. 0.44%, and that a single machine is not always available.
III. STUDY DATA, ASSUMPTIONS, AND METHOD
To investigate the technical potential for kinetic energy in a large aggregation of wind farms, year-long wind speed data series consisting of 10 minute averages from 39 onshore and offshore locations in the Netherlands were used to represent an average farm wind speed at these locations. These time series were generated based on data from weather stations, using appropriate techniques for extrapolation to hub height and spatial interpolation [3] . The locations are actual or proposed wind farm sites, and are shown in Fig. 5 . The installed capacities of the sites are based on existing, approved, and proposed projects. Existing onshore sites were scaled up to a future repowered capacity of 4 GW, and future offshore capacity equals 6 GW. It is assumed that all wind turbines at a given site i experience the same wind speed, so that the quantity of energy available from a farm can be obtained by multiplying the energy available from a single turbine by the number of turbines n i . Offshore sites were assigned 3 MW E-101 machines, while the onshore sites were assigned 2 MW E-82 machines. The wind turbine models selected for this study were chosen because of their wide rotational speed ranges, which were both more than 3:1, as is expected in future machines. Rotor and wind speed ranges are available from product brochures, and a standard C p curve was assumed [9] . The wind speed distributions off offshore sites had Weibull parameters close to c = 10.8,k = 2.2. For such a resource the E-101 produces approximately nearly half its energy in rated mode, and that machine is therefore a reasonable fit to the site. The onshore sites had a wider range of parameters; the average values of c = 7.2,k = 1.85 did not match the designed IEC class of most models available. As a result, these turbines spend more time than normal in the below-rated range. The de-rating for each type of turbine was selected to maximize the amount of kinetic energy made available. For the E-101 a de-rating of 3% was identified as maximizing yearly kinetic reserve. A de-rating of 1% as optimal for the E-82.
Using the techniques of the preceeding section, ten-minute mean wind speeds time series can be converted to kinetic reserve time series, and summed to investigate different combinations of sites, as depicted in Fig. 6 . In the figure, n i value at site i. This paper presents most results in the form of duration curves, which show the possible range of reserve available for an aggregation of sites, and the fraction of time it is available:
where A agg is the availability of an aggregation of sites (as opposed to a single site, which is denoted by A), sgn is the signum function, 52560 can be recognized as the number of 10 minute intervals in a year, A i (k) is the availability vector of the ith site, and S is the set of sites. The dependence of the availability A on different aspects will also be investigated. The quantity A Fig. 7 shows duration curves of the quantity of kinetic energy available when the E-101 is placed at an offshore site, and the E-82 is placed at an onshore site. The energy has been expressed as a percentage of the kinetic energy of the machine at rated speed. The availability A is depicted graphically on the duration curve.
IV. RESULTS Using the assumptions and techniques stated in the previous section, one can investigate the basic features of the technical potential of a distributed set of wind farms. Based on actual and projected farm sizes, one can also quantify this technical potential for the Netherlands and compare the properties of this resource against the needs posed by typical disturbances in the European continental grid.
A. Basic Features
In Fig. 8(a) , the available kinetic energy per turbine is shown for a single site over three hours. A trace along the zero line marks those 10 minute intervals where no kinetic energy reserve is available. For comparison, the maximum quantity of energy that would be injected by a synchronous machine during any of the [2004] [2005] [2006] contingencies is plotted as a dashed line. A similar quantity of energy is sometimes available from the wind turbine, but often no energy is available, because the wind speed at that site is outside the necessary range. Around hour 10 and 27 of the figure, long gaps in availability are present. In Fig. 8(b) , the available kinetic energy is depicted for two other sites, at significant distance from the first. Each of these sites fills one of the gaps present in Fig. 8(a) . This way well reflect the transit of a wind mass with appropriate wind speed ranges as it passes through the area being tapped. The effect of reduced variability from wind power as geographical area of wind installations increases is well known. Similarly, an increased availability of kinetic energy reserve can also be observed when sites in geographically spread locations are tapped. In Fig.9(a) , this dependence is shown to be logarithmic. Offshore and onshore sites are shown separately. From the duration curve of Fig.  9(b) , it appears that increasing availability is traded for a distribution of lower reserve. Large reserves become a smaller fraction of total intervals per year.
Besides the effect of increased distance between sites, the number of sites is also playing a role in the results of Fig. 9 . This effect can be isolated by considering the density of sites. In the curves of Fig. 10(a) , area is held constant and the availability is assessed for different numbers of sites within that area. The sites have been selected to be as uniformly spaced as possible. Density increases availability, but the maximum availability depends on the area involved.
As the number of sites increases within a fixed area, a diversity of distances develops, and the minimum distance between any two sites decreases. Each curve in Fig. 10(a) has a knee point, indicating a density beyond which additional sites stop improving availability. This may be because the minimum distance between sites reaches a special value.
The form of duration curve is altered in different ways by increasing density, versus increasing area. In Fig. 9(b) , both the maximum amount of reserve and availability change. In Fig.  10(b) , the slope of the duration curve stays the same while the availability threshold is pushed out with increasing density.
B. Aggregate Netherlands Example
The effect in the time domain of aggregating onshore (14 sites) and offshore kinetic energy (25 sites) is shown in Fig. 11 , for a 10-day sequence. For each aggregate, there are periods with duration of hours or a half a day where some kinetic energy is always available, in contrast to the three-site or one site time domain plots of Fig. 8(a) and 8(b) , where availability within an hour could not be guaranteed. However, periods of unavailability also exist. Over the days 2-4 shown in the figure, the availability of offshore and onshore sites is complementary, likely the effect of weather propagation patterns. However, there are still periods where no kinetic energy is available from any site. Due to the form of the curves in Fig. 3 , it could be that the farms are producing full power with no capacity to supply kinetic energy. Thus it is conceivable that it is precisely those times when wind turbines compose a large fraction of generation, and need to also provide kinetic energy, that they cannot.
A duration curve of the year-round available kinetic energy (Fig. 12) shows that, compared to individual turbines (Fig. 7 , the availability of the aggregate kinetic energy is higher, but it has on average a smaller range, which does not often exceed 1% of the rated amount of kinetic energy. On a percentage basis the aggregate duration curve will not equal the sum of the offshore and onshore curves. This is because the largest contributions of offshore and onshore will not necessarily coincide (as can be observed from Fig.11 ).
When compared with the actual size of incidents experienced in the European continental grid, this quantity of energy seems useful. The percentage energy contributions necessary to serve 50,90 and 100% of all incidents are plotted as dashed line, as is the kinetic energy associated with more severe contingencies. In Fig. 13 , the distribution of kinetic energy available from the aggregate farm studied is plotted with the distribution of energy contributed by the synchronous inertia of the European continental grid.
The duration curve in Fig. 12 indicates that twenty percent of the time the aggregate kinetic energy would be equal to or larger than the that injected during the largest contingency found in the two year history of incidents studied. Forty percent of the time, ninety percent of all events could be covered. Seventeen percent of the time, no energy is available. By comparing the distribution of events with the distribution of energy, it can be further noted that thirty seven percent of the time, the minimum available kinetic energy reserve is insufficient to contribute properly to any of the incidents.
V. APPLICATIONS FOR A SMART GRID
A smart grid might help system operators to validate models of the aggregated resource and better understand its characteristics before they attempt to integrate it into regular operation. Farms participating on a trial basis could provide valuable demonstrations of the concept. A better understanding might lead to optimized approaches to maintaining kinetic energy reserve in wind farms. In particular, it would be easier to exploit geographic diversity and minimize the amount of energy thrown away due to de-rating if extensive measurements and communication were available.
Moving beyond concept, a smart grid could be useful when implementing a more flexible approach to assessing and procuring the amount of kinetic energy reserve needed. A grid with smart features would be used to construct and deliver up-to-date and forecasted information about the resources, and facilltate more regularly updated short-term forecasts. It would also convey the current value of kinetic energy on a reserve market. Finally, the ability to monitor and communicate with a large number of parties would also be required to confirm the delivery of kinetic energy, and to communicate either penalties or payment.
VI. CONCLUSIONS
As an aggregate resource, the kinetic energy offered by distributed wind farms can not be depended upon at all times, but it is of similar size to the amount of kinetic energy delivered from a synchronous machine of equal power capacity during contingencies. Forty percent of the year, the quantity of kinetic energy present is sufficient to contribute as much as or more than a synchronous machine to 90% of all contingencies. However, for another forty percent of the year, the quantity is insuficient for any contingency.
The amount of kinetic energy available can often exceed the minimum amount promised by a factor of two or more, due to the uncertainty of wind speeds. In contrast, synchronous generators do not vary in the amount they can provide. The standard deviation approach taken is reasonable but conservative, and a detailed understading of the reserve within 10 minutes should come next.
Improvements in availability due to pooling spatially separated sites was investigated. It was found that the benefit of site separation diminishes for distances greater than 50 km. It was also found for areas greater than one thousand square kilometers, increasing the density of sites has a more dramatic impact on availability than increasing the area. However, beyond a density of two sites per thousand kilometers, increasing density becomes less effective in increasing availability.
This work has examined technical potential of an aggregated resource of distributed wind turbines to provide kinetic energy reserve. It has not investigated the issue of forecasting, monitoring, and otherwise implementing such a resource. The quantity of energy seems worth pursuing, but it is evident that significant information infrastructure would be necessary to characterize and manage the resource. The concept thus offers interesting applications for smart grid technologies and pilot projects.
